Petrographic studies are commonly used categorise the potential utilisation of coals due to their simplicity, availability and low cost. Eleven coal core samples from the Jharia coalfield (JCF), India were studied using petrographic techniques (both manual and automated) to investigate maceral content, reflectance and textural and particles with 'no changes were observed (Uv) respectively. These textural characteristics were used to indicate how particles had interacted with oxygen at low temperatures during the early stages of oxidation. The morphological classification developed provides an alternative method to confirm the susceptibility of a coal to spontaneous combustion. Conventional thermal parameters such as crossing point temperature (CPT) were unable to identify the coals prone to spontaneous combustion, and neither was the change in reflectance of the coals observed pre-and post-oxidation. However, certain petrographic parameters could be combined with CPT values to provide a much more accurate measure for susceptibility to spontaneous combustion.
INTRODUCTION
Spontaneous combustion of coal is a very complex physico-chemical reaction caused by several intrinsic (density, calorific value (CV), moisture content (M), volatile matter (VM), fixed carbon (FC), ash (A), maceral content and rank, total iron, non-pyritic iron, total sulphur, pyritic sulphur, organic sulphur and sulphate sulphur contents of coal) and extrinsic factors (particle size, geological condition, mining methods and environmental condition). The interaction of each agent is not straightforward, but oxidation seems to be responsible for the observed compositional and structural changes. Different countries have adopted various methods to assess the propensity of coal to spontaneous combustion in the laboratory [1] . The different methods proposed by previous researchers may be catalogued under three types: a determination of the chemical constituents, oxygen avidity studies and thermal studies [2] . These test methods may be reclassified into five categories: chemical compositional studies, microscopy studies, thermal studies, oxygen avidity studies and advanced miscellaneous techniques [1, 3] .
Petrographic studies identify maceral composition and vitrinite reflectance and can also be used to identify the mineral content and the textural relationships within the coal samples. Geologists conclude that counts of maceral with vitrinite rank are useful to determine the susceptibility of coals to spontaneous combustion [4] [5] [6] [7] . The total amount of vitrinite plus liptinite influences the susceptibility of a coal to spontaneous combustion, and the risks to spontaneous combustion decrease with an increase in coalification [5, 6, 8, 9] . The rate of oxidation is directly proportional to the vitrinite content, and inversely proportional to the higher the rank of coal [10] [11] [12] . The studies of Ogunsola and Mukula [13] conclude that the spontaneous combustion characteristics of Nigerian coals is coal specific and not simply rank dependent. All major macerals groups (vitrinite, liptinite and inertinite) are susceptible to weathering and oxidation with respect to time, temperature and environment settings. Among all the macerals vitrinite is the most vulnerable, whereas the inertinite and liptinite groups are more resistant to oxidation [14] [15] [16] [17] [18] . Both artificial oxidation and natural weathering may cause changes to the petrographic textures of coal. The changes observed in the petrographic texture of an oxidised coal may be due to the reaction temperature and chemical changes, which may be determined by a study of the changes observed in reflectance and morphology of the samples [9, [18] [19] [20] [21] [22] [23] . Artificial oxidation due to heating presents as a brightening of the vitrinite particle and at the boundaries of particles (oxidation rims) whereas natural weathering processes produce dull rims [9, 16, 18-20, 22, 24-30] .
The literature reveals the mechanisms of oxidation of a coal either by weathering or artificial oxidation and it is concluded that the study of the artificial oxidation of coals may provide a measure as to the propensity of these coals to spontaneous combustion. This paper outlines the experimental studies performed to provide a petrographic characterization of eleven coal samples collected from mines within the Jharia Coal Field (JCF), Northeast India, some of which are known to be prone to spontaneous combustion. These studies identify the macerals, vitrinite reflectance and morphological characteristics of fresh and artificial oxidised coals to assess the susceptibility of these coals to spontaneous combustion.
MATERIALS AND METHODS

Sample Collection and Preparation
Eleven coal samples were collected from different collieries within the JCF, Dhanbad, India using the channel and chip sampling method [31] to avoid the weathered exposed coal surface [32] . The representative samples were prepared in the laboratory and placed in air tight containers to minimise oxidation in the presence of air. The coal samples collected were from a range of ranks and were from both fiery and non-fiery classified coal seams.
These of coal seam fire classifications are based on the historical record of fires as well as the present conditions of the coal seams. The location and geo-technical detail of all of the coal samples are detailed in Table 1 and Fig. 1. Among these eleven samples there were five samples (sample number: 1, 2, 3, 4 and 5) which have a present or recent past history of spontaneous combustion/fires, the remaining are classified as non-fiery. 
Coal characterization studies
Proximate analyses including, moisture (M), ash (A), volatile matter on dry ash free (daf) basis (VMdaf), fixed carbon (FC); ultimate analysis (carbon (Cdaf), hydrogen (Hdaf), nitrogen (Ndaf), sulphur (Sdaf), oxygen (Odaf)); fuel ratio (FR) and gross calorific value (GCV) of all coal samples were performed to the ASTM standard. Five individual samples of each coal sample type were tested and the mean data for the repeated tests is presented in Table 2 . The crossing point temperature (CPT) method is an accepted standard method for Indian coal mines to determine the susceptibility of coal to spontaneous combustion by the Directorate General Mine Safety (DGMS) [34] . In short, the higher the crossing point temperature, the lower the susceptibility of the coal to spontaneous combustion. A spontaneous combustion test rig developed at the University of Nottingham (UoN) is used to determine the crossing point temperature (CPTu) of the coal samples [9] . The results of the proximate analyses, crossing point temperatures and ignition point temperature (IPT) for each coal sample are summarised in Table 2 . 
Petrographic studies of fresh coals
The determination of the maceral contents and rank of a coal sample requires the preparation and analysis of representative blocks for each coal sample. Polished blocks of each of the coal samples were prepared [1, 35] , and manually examined using a Leitz Ortholux II POL-BK microscope to perform maceral [36] and rank analysis [37] of the blocks. Subsequently, the whole coal reflectance was measured using image analysis technique with an automatic stage controller on the microscope, using 8 bit black and white imaging Zeiss AxioCam. The camera images were calibrated using a sapphire standard with a reflectance value of 0.58 %. Four mosaic images of 100 frames each (total of 12,012,000 pixels from 10x10 individual images) were captured across each coal block and averaged to give an accurate value for each coal sample [9, [38] [39] [40] . Fig. 2 shows an example of these mosaics.
The results of the maceral and rank analysis conducted for all of the eleven coal samples using manual microscopic method, automated image analysis are summarised in Table 3 .
Manually derived data has been split into the main macerals but dividing the inertinite maceral into semi-fusinite and fusinite -representing the main inertinite sub-macerals. The manual data has the suffix m is then presented as VLm, SFm Fm, and VRm which means the vitrinite and liptinite (the most reactive fractions), semi-fusinite, fusinite and vitrinite reflectance, respectively. The automated image analysis data has the suffix i and is presented as VLi, SFi, Fi and VRi. It should be noted that the VRi data does not correspond directly to the VRo because it does not sample vitrinite in the same way as the manual ISO standard which specifically measures the most homogeneous desmocollinite (normally) and away from any edges. With VRi, the calculation is based on the average reflectance value was calculated from the main grey scale histogram peak using Equation 1:
(1)
Where i -the grey scale value; m1-minima prior to peak maxima; m2-minima post main peak; R -Correspondent reflectance value; Pix (%) -Pixel percentage value associated; N-Number of grey scale value used. As such, the automated program is not specifically only measuring the best vitrinite and can also have some semi-fusinite and some liptinite, where reflectance profiles (between macerals) overlap. There are also edge effects that introduce wider reflectance range. However this parameter is still worth using as it is a relative measure, contains 10 6 x more measurements than manual vitrinite reflectance and VRi can be compared easily with the VRi from each treated sample directly. 
Petrographic studies of oxidised coals
Previous investigations have studied the changes in the vitrinite reflectance and morphology of coal samples heated in the laboratory. These methods have number of inherent limitations: all samples may not be uniformly heated in the sample holder and small particle sizes may produce cracks and binding problems. Given these challenges, an alternative method was explored to study thermally treated coal samples. 
Petrographic studies of fresh and oxidised coal
The vitrinite and liptinite percentages (VLm) show a broad range between 41% -80 % . Semifusinite (SFm) also shows a broad range from 10 -46 %. Fusinite levels (Fm) show a more modest range from 3.6 -12.8 %. There were no significant pyrite content levels detected in the coal samples which removes the possibility of self-heating through pyrite based mechanisms [41, 42] . Automated analysis data shows similar ranges. Fresh samples show a VRm from 0.74-1.15%. The vitrinite content increases as depth increase for samples 1 and 2 and sample 9 and 10 except sample number 5, 6 and 7. Similarly the rank of coal sample increases as depth increases for all samples.
The VRi range is slightly lower for reasons discussed in Section 2.3. 
Reflectance decreases
With the oxidised samples, the unaltered vitrinite (Uv) percentage varies from 4.8 % (sample 3, Table 4 ) to 49.6 % (sample 9: Table 4 and the recorded morphological changes make a significant contribution to the classification of these coals as to their susceptibility to spontaneous heating. the vitrinite reflectance of samples undergoing artificial oxidation increases [43] [44] [45] . Oxidation of coal under laboratory conditions may also produce a dull appearance [43, 44, [46] [47] [48] . The reason behind the observed reduction in reflectance is not fully understood and needs further study using a large number of samples. The proximate and petrographic data obtained from the above studies were subsequently statistically compared using correlation analysis, multivariate analysis (i.e. principal component and classification analysis (PCCA) and fixed nonlinear regression models (FNRM)). The Statistica 7.1 statistical package was used [49, 50] and VRio-i with VLm(r=0.858). The positive correlation coefficients reveals it has positive correlation, whereas negative correlation indicates a weak relationship.
Principal component and classification analysis (PCCA)
The PCCA technique is widely applied to analyse highly complex datasets. The method seeks to reduce the dimensionality of the data set and to identify relationships between variables. An application of these methods to the results of the coal analyses described above, concludes that there is low correlation between the results of the ultimate analysis e.g. nitrogen and low sulfur content (<0.54%) with the tendency of a coal to spontaneously combust. Similarly, from the petrographic analyses, it is concluded that the recorded semifusinite (SFm, SFi) and fusinite (Fm, Fi) levels do not influence the propensity of a coal to spontaneously combustion of coal [44, 46, 47] .
The Statistica 7.1 computer package was used to perform the PCCA studies. The PCCA analyses performed considered the relationships between the following eleven determined coal characteristic variables (moisture M, ash A, volatile matter VMdaf, fixed carbon FC, carbon Cdaf, hydrogen Hdaf, oxygen Odaf, calorific value GCV, fuel ratio FR, vitrinite + liptinite VLm, vitrinite reflectance VRm), with the four susceptibility indices determined for each coal sample (CPT, CPTu, Uv and VRio-i). For this study the principal components (PCs) with Eigen values greater than 1.0 were considered. However, the total variance for the given data sets, is observed to vary by up to 88% for the first three PCs, and found very small values for the remaining eight PCs ( Table 7 ). The eigenvalues of these three PCs, modify the magnitude of the corresponding eigenvectors significantly ( Table 8 ). The eigenvectors with the largest eigenvalues identify the parameters with the strongest correlation in the data set.
Similarly, the scree plot finds the factorial loadings where the observed decrease in eigenvalues appears to level off to the right of the plot. As a result the first three PCs were selected for the principal component matrix. The factorial loadings and their projections of variable on the factor plane (1x2) are depicted in Table 8 and Fig. 6 .
Factorial loadings close to 1 indicate stronger correlations ( Table 8 ). The projection of the first two factorial loading plots indicate whether the parameters are correlated or not. If the plotted variables are close to the centre, it means that some information may be carried over to other axes. The projection of the variables on the factor plane (1 and 2) shows that first group i.e. A, Cdaf, VRm, VRi, FR are far from center and but close to each other.
Similarly second group (GCV, M, Odaf, VMdaf, VLm and VLi ) are on the opposite side of the centre as well as to first group. These observations are replicated for each of susceptibility indices (CPT, CPTu, Uv and VRio-i.). An analysis of a plot of the weighted parameter will indicate a significant correlation where these parameters are spatially grouped together. As first group are on opposite sides of the second group so, they are negatively correlated. However, variables like fixed carbon and Hdaf are orthogonal to variable CPT, CPTu, Uv and VRio-I, which signifies a zero correlation. The projections of the cases (for samples) on the factor plane (1x2) are shown in Fig. 8 . Fig. 8 shows Eigenvalue number indicates maximum 'R-Squared' value of 0.6855 with proximate analysis. Therefore by using multiple fixed nonlinear regression analysis of the experimental data it may be concluded that the susceptibility index i.e.
unaltered vitrinite (Uv) may be used to categorize/classify the coal seam. It also correlates with other standard methods like CPT and CPTu. Similarly, the results suggest that the VRio-i method should be explored further by employing a larger number of coals to assess the propensity spontaneous combustion of coal. It is concluded that the proposed morphology study (Uv) delivers an alternative measure of the liability of a coal to spontaneous combustion as compared to two crossing point temperature methods (including CPT and CPTu).
A positive change in reflectance (Vio-i) of a coal sample pre and post heating in the muffle furnace described above, recommends that further studies be performed to classify the susceptibility of the coal to spontaneous combustion.
A chemo metric analysis of the intrinsic properties of the coal samples i.e. moisture, ash, volatile matter, carbon and oxygen on daf basis confirms that these parameters exhibit a positive correlation to the spontaneous combustion susceptibility indices whereas hydrogen, fixed carbon, vitrinite, inertinite and liptinite have no correlation with susceptibility indices. Principal component and classification analysis concludes that Uv gives a better indicator for study of spontaneous combustion of coal as compared to CPT and CPTu which further corroborates the experiments. Fixed multiple nonlinear regression analysis verifies the same.
